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Abstract 
A novel evaluation technique for soft errors in 
Mbit DRAMs (dynamic random access memories) 
has been developed using a 400 ke V proton micro-
probe system. This technique, which is called soft er-
ror mapping, consists of a bit-state mapping image 
and a secondary electron mapping image, and can re-
veal the correlation between the incident position of 
protons and susceptibility against soft errors in 
DRAMs. Soft errors are found to be induced by pro-
ton incidence at 400 ke V within about 6 µm around 
the memory cell in the case of DRAMs with a conven-
tional well. The susceptible area against proton inci-
dence is much larger than the memory cell size. It is 
found that the area within 4 µm around the memory 
cell is, in particular, highly sensitive to 400 keV pro-
tons. A threshold dose to radiation hardness is esti-
mated by deterioration of the DRAMs during soft er-
ror mapping. A buried barrier layer, formed by high-
energy ion-implantation, was found to control the 
charge collection of induced carriers and to suppress 
soft errors by 400 ke V proton microprobes. 
Key Words: Dynamic random access memory, soft 
error, single event upset, nuclear microprobe, soft er-
ror mapping, secondary electron mapping, radiation 
hardness, buried barrier layer, retrograde well, high-
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Trends in DRAM 
Soft errors are recognized as a serious problem of 
future memory devices. For instance, memory cells 
in a dynamic-RAM (DRAM) are further shrunk and 
integrated with scaling laws [4]. As the metal-oxide-
silicon (MOS) capacitor, a significant part of a 
memory cell in DRAMs, is also shrunk, the stored 
charge in the capacitor representing a bit-state is dras-
tically decreased. The memory capacitor with de-
creased stored charges becomes much more sensitive 
to external electronic noise, such as hot carriers [1], 
alpha-particle irradiation emitted from device pack-
ages and wiring [12], and cosmic rays [14]. In the 
conventional environment, soft errors in DRAMs are 
caused by alpha-particles at an energy of less than 5 
Me V that create 1.4 x 106 electrons more than the 
stored charges in the dynamic memory cell. Some 3-
dimensional capacitor structures were invented to 
keep constant stored charges against the scaling law, 
for examples, the trench capacitor [22] and the 
stacked one [11]. Moreover, charge collection can be 
controlled by modifying the substrate, as in the case 
of silicon-on-insulator (SOI) structw-es [21], silicon-
implanted-oxygen (SIMOX) wafers [10], epitaxial 
wafers [9] and buried banier-layers formed by high-
energy ion-implantation [24]. However, the adoption 
of lower bias voltages makes memory cells more sen-
sitive in spite of such new structures. 
Soft error mechanism in DRAM 
Two modes of soft errors in DRAMs are consid-
ered to be distinguished by changing cycle times for 
the operation; a cell mode [12] and a bit-line mode 
[25]. Figure 1 shows the cell mode soft error which 
means the loss of the bit-state in a memory cell. The 
electrons created by an alpha-pa11icle along its track 
are collected in a storage capacitor. The bit-state is 
preserved in the case of the initial bit-state 'O' corre-
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Figure 1 Dynamics of cell-mode soft errors in p-type Si induced by an energetic particle. The initial bit-state is 
'O' in (a) and '1' in (b). Cell mode soft errors take place only in (b). Vslffi, VwL, VnL and Yer mean biases applied 
to substrate, word-line, bit-line and capacitor, respectively. 
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sponding to the capacitor filled with electrons (Fig. 
la). On the contrary, the upset state '0' is produced by 
the collection of many electrons in the initial bit-state 
'1' corresponding to the capacitor without electrons 
(Fig. lb). 
On the other hand, bit-line mode soft errors are 
considered to be induced by the collection of elec-
trons to bit-line contacts in a floating time during a 
read operation because bit-line mode errors are in-
versely proportional to cycle times. All the two types 
of upsets, 'l' to '0' and '0' to 'l ', can be induced in the 
bit-line mode because an alpha-particle hits the con-
tacts of a bit-line and of the dummy bit-line. 
Thus, these two modes of soft errors would de-
pend on the device element positions to which created 
electrons are collected but share the same charge col-
lection mechanisms. The electrons created by an al-
pha-particle diffuse and drift within a depletion layer. 
Some electrons are collected by funneling [8], in 
which the depletion layer spreads along the track of 
an energetic particle in the shape of a funnel because 
the created electron-hole pairs force to cancel the ap-
plied substrate potential. 
Soft error measurement 
Soft error immunity has conventionally been 
evaluated using energetic particles from a radioactive 
source [2] or an accelerator [27]. Figure 2 shows the 
schematic view of a soft error evaluation method us-
ing a radioactive source. The radiation source such as 
an americium or a thorium source is located over 
memory devices. This method can statistically mani-
fest soft error immunity of the whole devices. Soft 
errors only in a single device element, however, can-
not be evaluated because the incident position of the 
particles in a device chip is random. The incident 
angle of the particles is also random. Therefore, a 
new technique has been developed to clarify a hitting 
position and an angle to the device surface of a radia-
tion particle. 
Microprobe application to soft error measure-
ment 
Nuclear microprobes, high energy focused ion 
beams, have been developed for non-destructive 
analyses technology in archaeology, biology and 
semiconductor, using particle-induced X-ray-emis-
sion (PIXE) and/or Rutherford-backscattering (RBS) 
[23]. Nuclear microprobes will be a powerful analyti-
cal tool for local susceptibility of soft errors because 
the incident position and angle to the devices can be 
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Figure 2 Schematic view of a soft error evaluation 
method using a radioactive source. 
applied for the evaluation of soft errors in the early 
stage of DRAM generations. Campbell et al. investi-
gated 16 Kbit DRAMs using He+ microprobes colli-
mated by a pin-hole slit with 2.5 µm diameter [3], and 
Geppert et al. also investigated 2 x 256 Kbit DRAMs 
using He+ microprobes [6]. However, the exact inci-
dent position of the microprobes was not unambigu-
ously identified because the irradiated position was 
determined by movements of the mechanical stage 
with a low accuracy in both experiments. Hence the 
exact correlation between the incident position of en-
ergetic particles and soft errors could not be obtained. 
Recently, nuclear microprobes with a spot size of 
about 1 µm, almost as small as cell sizes of Mbit 
DRAMs, have been developed using precise quadru-
pole lenses. Moreover, nuclear microprobes can pro-
vide mapping images such as a secondary electron 
image by raster-scanning the focused beam. Such 
small scanning microprobes have been applied to a 
soft error evaluation in 16 Kbit static-RAMs 
(SRAMs) by Horn et al. [7]. The application of the 
nuclear microprobe techniques to DRAMs is more 
difficult than that to SRAMs because of the dynamic 
operations. The bit states of SRAMs are kept and are 
slowly read out after probe irradiation, while DRAMs 
require both refresh operation and rapid reading out. 
Moreover, a huge apparatus is required for operation 
of Mbit DRAMs if all the bit-states are monitored. 
In this study, a one-bit memory cell was operated 
because of the ease in dynamic operation, and proton 
microprobes at 400 ke V were applied to soft error 
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evaluations of Mbit DRAMs. The susceptible area of 
a single device was investigated by raster-scanning 
the microprobes with various spot sizes. The thresh-
old dose for a radiation hardness is also determined to 
avoid deterioration of the exposed DRAMs during 
soft error mapping measurements. Additionally, the 
dependence of soft errors upon well structures of the 
DRAMs was investigated by proton microprobes. 
Experimental Procedures 
Soft error mapping 
The analytical system, which has originally been 
developed for 3-dimensional analysis using micro-
RBS, was modified for soft error evaluations in 
DRAMs [17]. Ion beams from a 500 kV Disktron ac-
celerator [23] are focused to about 1 µm by quadru-
pole magnets. The focused ion beams were raster-
scanned over the targets fixed on the 5-axis goniom-
eter after the area to be irradiated was roughly moved 
by the goniometer. The bit-state of only one particu-
lar cell was operated and monitored. Two kinds of 
mapping images, a bit-state mapping image and a sec-
ondary electron mapping image, were obtained for 
the same irradiated area by two beam scans, respec-
tively. The information in a pixel of a bit-state map-
ping image indicates at least one bit-state change 
from 'l' to 'O' of the monitored cell when the micro-
probe are irradiated to the pixel. On the other hand, 
the secondary electron image indicates the exact loca-
tion in the DRAM chip corresponding to the irradi-
ated area in the bit-state mapping image. The location 
of sensitive positions in the DRAMs against soft er-
rors can be revealed using the soft error mapping pro-
duced by overlapping the bit-state mapping image, 
the secondary electron mapping image and the Al 
wiring pattern around the monitored cell. Thus, the 
correlation between the microprobe hit position and 
the occurrences of soft errors in a single memory ele-
ment can be clearly identified. 
Susceptibility mapping 
Since the change in bit-states could be monitored 
in a bit-state mapping image, further improved sus-
ceptibility mapping image was recently introduced 
[16]. The susceptibility mapping image indicates the 
degree of susceptibility in an irradiated pixel, and de-
pends upon wiring structures of the measured devices 
and the charge collection in the substrate. The mea-
surement procedure of a susceptibility mapping im-
age is the same as the bit-state mapping image except 
for the signal processing. Only '1' bit-state pulses of 
output were counted during the beam dwell time (10 
828 
ms) in each irradiated pixel while 'l' bit-state is re-
peatedly written and read in the monitored cell in ev-
ery cycle (1 µs in this study). The output pulses of 
10,000 can be counted in each pixel if no soft errors 
take place. The reduction of the count consequently 
manifests susceptibility against soft errors in each ir-
radiated pixel. Thus, local susceptibility against soft 
errors in DRAMs was investigated by a susceptibility 
mapping image with nuclear microprobes. 
Measured DRAMs 
DRAMs with a capacity of less than 4 Mbit have 
already been in the market, while a first generation of 
16 Mbit DRAMs is being prepared for mass produc-
tion. In this study, soft error immunity was investi-
gated using test element group (TEG) chips for 16 
Mbit DRAMs which are constructed with stacked ca-
pacitors, folded bit-lines and gate electrodes with a 
length of 0.7 µm. The area of one memory cell is 
about 1 x 2 µm 2. The following bias voltages were 
applied; 5 V to power supply (Vee), -3 V to the sub-
strate and 2.5 V to the capacitor. The passivation 
layer was locally removed to obtain a clear probe-in-
duced secondary electron image. Consequently, the 
overlaid layers on the substrate have a thickness of 2.8 
µm after removal of the passivation layer. Only one 
particular monitored cell wa~ operated after the fol-
lowing timing chart. Writing and reading processes 
were repeated every 1 µs (cycle time). The writing '1' 
to the monitored cell plays the role of a refresh opera-
tion. The interval in one cycle is 350 ns between the 
end of a write process and the beginning of a read pro-
cess. Soft errors are induced by charge carriers cre-
ated by energetic particles incident to the target de-
vices in this interval. 
Probe characteristics 
In this study, 400 keV proton microprobes with a 
normal incidence to DRAMs were selected for a soft 
error evaluation because 400 keV He+ cannot reach 
the substrate of the measured DRAMs through a thick 
overlaid layer. The energies of protons decrease to 
about 125 keV when they reach the substrate. The 
protons stop at a depth of about 1.1 µm beneath the 
surface of the substrate. The amount of electron-hole 
pairs, created along the track of a proton, depends on 
the predominant electronic stopping power. The elec-
tronic stopping powers of protons at an initial energy 
of 400 keV and of helium ions at that of 5 MeV are 
shown in Fig. 3. The energy deposited by a single 
proton is about two times higher than that of an alpha-
particle in the region between surface and the pro-
jected ranges of protons. A single proton creates 
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Figure 3 The electronic stopping power of protons 
with an initial energy of 400 ke V. The electronic 
stopping power of helium ions at 5 Me V is also calcu-
lated. 
about 3.5 x 104 electrons assuming that the energy re-
quirement to create one electron-hole pair is 3.6 eV 
[15). Multiple protons contribute to a soft error and 
create many electron-hole pairs near the surface un-
der the conditions in this study. Proton microprobes 
with square spot sizes of about 4 x 4, 2 x 2 and 1 x 1 
µm2 were used for the measurement. Figure 4 shows 
the two-dimensional concentration profile of 400 ke V 
protons in the DRAM calculated using a TRIM 
Monte Carlo code [26]. The lateral beam straggling 
of about 0.2 µm is much smaller than the probe spot 
sizes. The regions in which soft errors take place are 
thus assumed to depend on the incident position and 
spot size of the probe beam. 
Results and Discussion 
Beam spot size dependence 
An Al wiring pattern on the top layer near the 
monitored cell of the measured DRAMs is shown in 
Fig. Sa. Open rectangles are a part of the memory cell 
array, and a solid one indicates the monitored cell at 
the corner of the memory array. Figure Sb shows a 
bit-state mapping image analyzed by 400 keV proton 
microprobes with a spot size of 4 x 4 µm2 at a current 
of 80 pA. The microprobe was irradiated normal to 
the DRAM surface. The scanned area is a square of 
about 113 x 113 µm2. The black marks reveal the 
400 keV Proton 
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Figure 4 Two-dimensional concentration profile of 
400 keV protons in the DRAM simulated by a TRIM 
Monte Carlo code. 
occurrence of a soft e1rnr from '1' to '0' bit-state. Fig-
ure Sc indicates the secondary electron image of the 
same area as the bit-state mapping image. Figure 5d 
shows the soft error mapping image overlapped with 
Figs. Sa and Sb. Soft errors take place when the pro-
ton microprobe hits positions within 6 µm around the 
monitored cell as well as three other locations. The 
errors in the former represent cell mode soft errors in-
cluding bit-line mode errors. The e1rnrs in the latter 
indicate bit-line mode errors and the locations corre-
spond to the contacts of the bit-line, parallel to the top 
Al wiring, connected to the monitored cell. Thus, two 
modes of soft errors can be directly distinguished by 
the overlapped soft error mapping image. 
Figure 6 shows the soft e1rnr mapping ima~e us-
ing a microprobe with a spot size of 2 x 2 µm at a 
current of 10 pA. It consists of an Al wiring pattern 
and a susceptibility mapping image. The depth of 
black tone in the susceptibility mapping image stands 
for the degree of susceptibility against 400 ke V pro-
tons. Cell-mode soft errors are induced by the proton 
impact within 6 µm around the monitored cell. In 
particular, the most susceptible area against proton in-
cidence is within 4 µm around the monitored cell. 
Figure 7 shows the soft enor mapping ima~e us-
ing a microprobe with a spot size of I x 1 µm at a 
cwTent of 25 pA. As in the case of the probe spot size 
















Figure 5 (a) A designed Al wiring pattern. The open rectangles are parts of memory cell ainy, and the solid one 
stands for the monitored cell. (b) Bit-state mapping image of the DRAMs. Proton microprobes at 400 keV were 
irradiated normal to the chips with a spot size of 4 x 4 µm 2 at a current of 80 pA. The square area of about 113 
x 113 µm 2 is raster-scanned around the monitored cell. The black marks indicate soft e1rnrs of the monitored 
cell. (c) The secondary electron image to locate the exact cell area in the bit-state mapping image. (d) Soft error 
mapping image overlapped with Figs. 5a and 5b. 
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Figure 6 Soft error mapping image consisting of Al 
wiring patterns and a susceptibility mapping image, 
using a 400 ke V proton microprobe with a spot size of 
2 x 2 µm 2 at a current of 10 pA. 
Figure 7 Soft error mapping image investigated by 
proton microprobes with a spot size of 1 x 1 µm 2 at a 
current of 25 pA. 
Energetic Particle 




Figure 8 Schematic of charge collection in the DRAMs in soft en-or mapping 
measurements. All the charge collection mechanisms are also illustrated. 
Table 1 Experimental conditions corresponding to Figs. 5, 6, 7, 9 and 11. 
Figure Beam spot Current Density Incident ions Created carriers 
No. (µm2) (pA) (mNcm 2) (ions/350ns) (electrons/350ns) 
5 4x4 80 0.50 180 7.0x 106 
6,11 2x2 10 0.25 22 8.7 X 105 
7 1 x I 25 2.5 55 2.2 X 106 
9 1 X 1 75 7.5 165 6.6 X 106 
831 
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proton incidence onto the monitored cell within 6 µm, 
and the highly sensitive area is limited to an area of 4 
µm around the monitored cell. According to the Figs. 
5, 6 and 7, the susceptible area of the DRAMs against 
the proton incidence is found to be much larger than 
the memory cell size of about 1 x 2 µm2 although the 
lateral width of the depletion layer of the memory cell 
is 0.2 µm. These results indicate that carrier diffusion 
is the predominant charge collection mechanism in 
this study shown in Fig. 8 because many charge carri-
ers are created by 400 ke V protons near the surface of 
the substrate. Thus, the susceptible area is considered 
to be independent of the probe spot sizes within the 
experimental range. Higher energy microprobes, 
which provide less carriers near surface, would pre-
sumably exhibit different results. 
Table 1 shows the parameters in each experiment. 
The carriers created by the proton microprobes within 
the 350 ns in a read-write cycle, contribute to cell-
mode soft errors. The number of created carriers in 
each impact exceed the critical charge of the memory 
cell (about 360000 electrons) and is estimated to be 
half of the stored charge. The exact critical charge 
could be determined by changing the probe current if 
the efficiency of charge collection were known. Bit-
line mode soft errors can be observed only in Fig. 5, 
which suggests that bit-line mode soft errors depend 
upon the probe current. The protons impacting in the 
interval of the floating bit-line contribute to bit-line 
mode soft errors. Therefore, only high probe current 
of 80 pA would induce bit-line mode errors because 
the floating time of a bit-line is extremely short. 
Radiation hardness 
A high current density or a high dose rate of the 
microprobe will destroy memory cells during a soft 
error mapping measurement, and hence the radiation 
hardness of the devices should be investigated. Fig-
ure 9 shows the typical soft error mapping image for 
radiation hardness when the DRAMs were investi-
gated by a proton microprobe with a spot size of 1 x 1 
µm2 at a current of 75 pA. After the microprobe was 
irradiated to the monitored cell, a write process was 
impossible. Some pulses corresponding to a bit-
state '1' were observed after signal loss from the 
monitored cell. These pulses stand for the bit-line 
mode soft errors because of the high probe current. 
Current density, i.e., dose rate, is a significant factor 
in radiation hardness. Even in the case of the spot size 
of 1 x 1 µm2 at a current of 25 pA in Fig. 7, the dose in 
the probe spot is 3.4 x 1014 ions/cm2, which is high 
enough to evaluate the soft error immunity. How-
ever, in the case of Fig. 9, the dose of 1.0 x 1015 ions/ 
832 
Figure 9 Soft error mapping image measured by a 
proton microprobe with a spot size of 1 x 1 µm 2 at a 
current of 75 pA. The monitored cell was deterio-
rated by the proton microprobe during the susceptibil-
ity mapping measurement. 
cm2 destroys the memory cell and is unsuitable for 
soft error measurements. It is found that the dose in 
the probe spot for a sofl error evaluation should be 
less than 3.4 x 1014 ions/cm 2 using a 400 keV proton 
microprobe technique. 
Well structure 
The modification of the substrate carrier profile, 
so called 'well engineering,' is expected to provide 
soft error immune structures which suppress charge 
carrier collection into the storage node of the devices. 
High-energy ion-implantation has been investigated 
and appears to be a powerful technique for well engi-
neering [18, 19, 20, 24]. The buried layers or retro-
grade wells, formed by high-energy ion-implantation, 
are considered to be effective to soft en-ors and latch-
up [5] because they act as a barrier against induced 
charge carriers, i.e., noise carriers. DRAMs with bur-
ied barrier layers were investigated using nuclear mi-
croprobe techniques for the confirmation of soft error 
reduction [13]. Figure 10 shows the cross-sectional 
view of the DRAM with two p+-buried-layers. One 
layer for a retrograde well was formed by boron ion-
implantation at an energy of 160 ke V, and another 
deeper layer for a buried barrier was implanted with 
boron ions at an energy of 700 ke V after LOCOS (Lo-
cal Oxidation of Silicon) process. The implanted lay-
ers are located at a depth of 0.44 and 1.35 µm beneath 
the surface of the silicon substrate, respectively. Fig-
Local Susceptibility against Soft Enors in DRAMs 
ure 11 shows the soft enor mapping image of the 
DRAM in Fig. 10. The proton microprobe with a spot 
size of 2 x 2 µm2 at a cunent of 10 pA was inadiated 
normal to the DRAM. There are no black marks in 
the mapping image, so no bit-state changes of the 
monitored cell from 'l' to 'O' occuned under the same 
probe condition as in the case of the DRAM with a 
conventional well in Fig. 6. The retrograde well sup-
presses the collection of noise carriers created by 400 
keV protons to storage nodes, since the protons did 
not reach the deeper buried layer. Thus, the buried 
barrier layer was found to effectively suppress soft 
enors induced by 400 keV protons. However, charge 
collection efficiency cannot be clarified using a soft 
e1rnr mapping. A new method to investigate charge 
collection efficiency is being developed in this labo-
ratory to optimize the depth and concentration of the 
buried layers formed by high-energy ion-implanta-
tion. 
Conclusions 
Soft enors in 16 Mbit DRAM TEG chips could be 
evaluated by utilizing 400 ke V proton microprobe 
beams as a radiation source. The conelation between 
incident position of protons and susceptibility against 
soft eITors in one particular cell could be investigated, 
and hence cell mode and bit-line mode soft-errors 
were experimentally identified by the incident posi-
tion of protons. The area susceptible against 400 ke V 
protons exhibits little dependence upon the spot size 
of the probe beam. Soft eITors in DRAMs are found 
to be induced by electron collection within 6 µm 
around the monitored cell. In particular, proton inci-
dence within about 4 µm around the monitored cell 
easily induces soft-enors. This study indicates that 
the predominant collection mechanism of charge car-
riers into storage nodes is by caITier diffusion. 
Beam induced radiation damage should be 
avoided when nuclear microprobe techniques are ap-
plied to soft eITor measurements. In order to avoid 
radiation damage, the dose in the probe spot for soft 
enor evaluation should be less than 3.4 x 1014 ions/ 
cm2 using 400 keV proton microprobe beams. 
No soft eITors could be observed in a DRAM with 
a buried barrier layer for a retrograde well, formed by 
high-energy ion-implantation. The buried layers 
could suppress the collection of carriers created by 
400 keV protons. The optimized carrier profile, 
modified by high-energy ion-implantation, would 
contribute to the suppression of soft enors induced by 
alpha-particle at about 5 MeV. 
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Figure 10 Cross-sectional view of the DRAM with 
two p+-type buried layers. Implanted energies are 
160 and 700 keV, their projected ranges are 0.44 and 
1.35 µm in a silicon substrate, respectively. 
Al Lines 




Figure 11 Soft error mapping image of the DRAMs 
with two p+-type layers in Fig. 10. The proton micro-
probe with a spot size of 2 x 2 µm2 at a cuITent of 10 
pA was irradiated normal to the DRAM. The probe 
condition is the same as in case of Fig. 6. No soft 
errnrs are observed. 
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Discussion with Reviewers 
R.F. Pease: What is meant by funneling in Fig. 8? 
Authors: Funneling is a kind of charge collection 
mechanisms. Electron-hole pairs created by an ener-
getic ion form dipoles because of the applied electric 
field, having an inverse field and resulting in cancel-
lation of the applied field, which causes spreading of 
the depletion layer along the ion track in order to pre-
serve the applied potential. 
R.F. Pease: Explain exactly how Fig. 9 was ob-
tained; what is the contrast mechanism? 
Authors: The contrast of the susceptibility mappings 
corresponds to counts of pulses during beam dwell 
time of 10 ms. When microprobes are irradiated to a 
pixel in a mapping, 104 pulses can be counted if no 
soft errors take place. The pixel is painted in white. 
If soft errors take place, the number of counted pulses 
decreases and the pixel color becomes darker. In the 
case of Fig. 9, the microprobe, scanning from the top 
toward the bottom, begins at the left hand side of the 
mapping image. Before the irradiation of the moni-
tored cell, no soft errors were observed (i.e., white 
pixels). When the microprobe was irradiated to the 
neighborhood of the monitored cell, soft errors were 
observed. The damaged monitored cell then could 
send no output pulses (i.e., dark pixels). However, 
some pulses were obtained when the microprobe was 
irradiated to the n+ layer connected with the bit-line 
of the monitored cell (i.e., light contrast spots from 
the monitored cell to the right hand side of the map-
ping). The pulses correspond to the bit-line mode 
soft-error. 
B. Doyle: Authors should address effect of beam 
halo. 
Authors: Beam halo has an influence of the mapping 
resolution. The fwhm (full width at half maximum) 
value is used for the diameter of the probe. A few 
ions in beam halo during 1 cycle contribute to elec-
tron-hole pair generation. The carriers created by 
beam halo are sufficiently less than that of beam spot. 
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B. Doyle: What would have happened in Fig. 10 if 
higher energy protons had been used? 
Authors: The deeper buried layer would effectively 
suppress the collection of charge created by higher 
energy protons. We are investigating the relation be-
tween well structures and higher energy protons. 
N.W. Cheung: Authors may consider trying an an-
gular dependence on soft error creating for retrograde 
wells. The side walls of these wells are lightly dope 
compared with the bottom. 
Authors: The side walls immune against soft errors 
can be fabricated by combination of the retrograde 
well and channel stoppers which are heavily doped to 
the side walls. We are planning to investigate an an-
gular dependence on soft errors to devices with a 
retrogade well and channel stoppers. 
J.S. Williams: Did you investigate the beam current 
(dose rate) effects on soft error measurements? 
Authors: Yes. Current densities in this study are 
listed in Table l. The susceptible area is considered 
not to strongly depend on the beam current density. 
J.S. Williams: Do you have any more details on 
radiation damage effects? Are you sure that the dose 
of 3 x 1014 cm·2 cause no long term effects? 
Authors: No, we do not have any more details on 
radiation effects. We understand only that a soft error 
mapping should be measured under the condition of 
the dose less than 3 x 1014 cm·2. The accumulation of 
the radiation damage would introduce device 
deterioration. 
